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[1] Rates of glacial erosion in temperate climates rank among the highest worldwide, and the
sedimentary products of such erosion record climatic and tectonic signals in many glaciated
settings, as well as temporal changes in glacier behavior. Glacial sediment yields are expected to
decrease with increasing latitude because decreased temperature and meltwater production
reduce glacial sliding, erosion, and sediment transfer; however, this expectation lacks a solid
supportive database. Herein we present modern 210Pb-derived sediment accumulation rates on
decadal to century time scales for 12 fjords spanning 15° of latitude from the Antarctic
Peninsula to southern Chile and interpret the results in light of glacimarine sediment
accumulation worldwide. 210Pb records from the Antarctic Peninsula show surprisingly steady
sediment accumulation throughout the past century at rates of 1–7 mm yr 1, despite rapid
warming and glacial retreat. Cores from the South Shetland Islands reveal accelerated sediment
accumulation over the past few decades, likely due to changes in the thermal state of the glaciers
in this region, which straddles the boundary between subpolar and temperate conditions. In
Patagonia and Tierra del Fuego, sediment accumulates faster (11–24 mm yr 1), and previously
collected seismic proﬁles show that rates reach meters per year close to the glacier termini. This
increase in sediment accumulation rates with decreasing latitude reﬂects the gradient from
subpolar to temperate climates and is consistent with glacial erosion being much faster in the
temperate climate of southern Chile than in the polar climate of the Antarctic Peninsula.
Citation: Boldt, K. V., C. A. Nittrouer, B. Hallet, M. N. Koppes, B. K. Forrest, J. S. Wellner, and J. B. Anderson (2013),
Modern rates of glacial sediment accumulation along a 15˚ S-N transect in fjords from the Antarctic Peninsula to southern
Chile, J. Geophys. Res. Earth Surf., 118, 2072–2088, doi:10.1002/jgrf.20145.

1.

Introduction

[2] Glacial erosion and sediment production are of interest
to diverse scientiﬁc communities concerned with (1) the
interaction of climatic, tectonic, and surface processes that
inﬂuences the evolution of mountain ranges [e.g., Egholm
et al., 2009; Thomson et al., 2010] and (2) the interpretation
of environmental and tectonic signals archived in sediments
produced by glaciers [e.g., Grifﬁth and Anderson, 1989;
Domack and McClennen, 1996; Michalchuk et al., 2009;
Cowan et al., 2010; Koppes et al., 2010]. Sediment production
1
School of Oceanography, University of Washington, Seattle,
Washington, USA.
2
Department of Earth and Space Sciences and Quaternary Research
Center, University of Washington, Seattle, Washington, USA.
3
Department of Geography, University of British Columbia, Vancouver,
British Columbia, Canada.
4
Department of Earth and Atmospheric Sciences, University of Houston,
Houston, Texas, USA.
5
Department of Earth Science, Rice University, Houston, Texas, USA.

Corresponding author: K. V. Boldt, School of Oceanography, University
of Washington, Box 357940, Seattle, WA 98195, USA. (kboldt@uw.edu)
©2013. American Geophysical Union. All Rights Reserved.
2169-9003/13/10.1002/jgrf.20145

from temperate glaciers is among the greatest worldwide
[Hallet et al., 1996], demonstrating the efﬁcacy of glaciers in
eroding highlands and producing large volumes of sediment
[Koppes and Montgomery, 2009], which accumulate in
nearshore marine environments [e.g., Jaeger et al., 1998;
Jaeger and Nittrouer, 1999]. For example, the onset of widespread glaciation and concomitant increase in sedimentation induced by a change to a cooler, more variable climate in the late
Cenozoic [Hay et al., 1988; Zhang et al., 2001] is often viewed
as responsible for the creation of clastic wedges up to 5 km thick
on high-latitude continental margins [e.g., Syvitski, 1991;
Vorren et al., 1991; Elverhøi et al., 1998; Berger et al., 2008].
[3] One objective of contemporary glacimarine research is
to understand the ﬁdelity of recent and past climate-change
signals preserved in the sedimentary record, and how these
records are altered by time and changing boundary conditions
[e.g., Milliken et al., 2009; Koppes et al., 2010; Fernandez
et al., 2011; Simms et al., 2011]. Climate controls the extent
and thermal regime of glaciers, as well as the amount of meltwater produced [e.g., Grifﬁth and Anderson, 1989; DaSilva
et al., 1997], with increased meltwater generally promoting
glacier erosion by reducing the basal effective pressure [e.g.,
Cuffey and Paterson, 2010]. When abundant, glacial meltwater
transports the majority of glacially derived sediment to fjords,
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where most of this sediment remains trapped [e.g., Powell and
Molnia, 1989; Cowan and Powell, 1991; Hallet et al., 1996;
Hunter et al., 1996]. The large meltwater discharge in temperate
glacier-marine systems results in proximal rates of sediment
accumulation that can reach tens of meters per year [e.g.,
Molnia, 1983; Cowan and Powell, 1991]. In colder settings,
the production of sediment by glacial erosion is expected to decrease progressively as surface melt vanishes, because little or
no water reaches the bed from the glacier surface to facilitate
sliding, erosion, and sediment transport. Moreover, signiﬁcant
sediment production likely vanishes as soon as the basal ice
temperature drops below the freezing point [e.g., Cuffey et al.,
1999]. Thus, for polar and subpolar regions, subglacial sediment production and delivery to fjords are both expected to drop
with decreasing air temperature, especially as it drops below
0°C [Grifﬁth and Anderson, 1989; Hooke and Elverhøi,
1996; Powell et al., 1996].
[4] An abrupt decrease in sediment accumulation rates from
temperate glaciers in Chile to subpolar and polar glaciers along
the Antarctic Peninsula has been well recognized and attributed to climatically controlled differences in glacier dynamics
[Harden et al., 1992; Domack and McClennen, 1996; DaSilva
et al., 1997]. Analyses of continental-margin sediments from
this region provide considerable insight into the history of
glacial and climate changes over time scales of 103 years and
longer [e.g., Domack et al., 2001; Anderson et al., 2002;
Boyd et al., 2008; Milliken et al., 2009; Simms et al., 2011;
Majewski et al., 2012]. In addition, substantial radiochemical
work along Antarctic margins provides important biological
and sedimentological chronologies from which to examine
how modern climate transitions are impacting the sediment
record [Ledford-Hoffman et al., 1986; DeMaster et al., 1991;
Harden et al., 1992; Leventer et al., 1996; Monien et al.,
2011]. Quantitative deﬁnition of modern accumulation rates
complements existing measurements of longer-term sediment
accumulation in high-latitude environments [Boyd et al.,
2008; Milliken et al., 2009; Fernandez et al., 2011] and reveals
how recent climate change has affected accumulation rates in
the recent glacimarine sedimentary record [e.g., Gilbert and
Domack, 2003; Majewski et al., 2012].
[5] Herein we measure contemporary sediment accumulation rates from 12 fjords along the western side of the
Antarctic Peninsula (WAP), the South Shetland Islands,
Tierra del Fuego, and the Southern Patagonia ice ﬁeld
(Figure 1a), with sediments derived from diverse glaciers ranging from subpolar to temperate. For each glacier system, we determined accumulation rates within proximal basins in the
fjords using 210Pb analyses, which inform us about sediment
accumulation over decadal to centennial time scales. Our objectives include: (1) adding to the limited knowledge about recent sediment accumulation in this region [e.g., Harris et al.,
1999] and determining the signature of recent rapid warming
and glacier retreat in the sediment record [Vaughan et al.,
2003; Cook et al., 2005; Pritchard and Vaughan, 2007]; (2)
comparing sediment accumulation rates among systems across
a range of climatic and glaciologic settings, and deﬁning quantitatively the well-recognized general northerly increase in sediment accumulation rates in the Southern Hemisphere [Harden
et al., 1992; Domack and McClennen, 1996; DaSilva et al.,
1997]; and (3) comparing the rates and modes of deposition
in the study region with those measured using similar records
in a range of other glacimarine settings [e.g., Cowan and

Powell, 1991; Jaeger and Nittrouer, 1999]. The accumulation
rates presented here are the focus of current work to deﬁne sediment yields for individual glaciers at the head of each fjord and
to compare the empirical yields with the dynamic characteristics of each glacier system; this work is part of a broader study
on the factors controlling rates of glacial erosion and sediment
accumulation across climatic regimes [Boyd et al., 2008;
Milliken et al., 2009; Fernandez et al., 2011].

2.

Geographic and Climatic Setting

[6] The sediments analyzed span 15° of latitude from southern Chile to the Antarctic Peninsula (Figure 1a), where the climate varies from the relatively cold and dry setting along the
WAP, to a transitional climate in the South Shetland Islands,
and to the warm and wet conditions of southern Chile. This
transect provides an ideal setting to study the climatic factors
inﬂuencing modern glacimarine sedimentation because of the
substantial ranges of temperature and precipitation that signiﬁcantly inﬂuence glacier thermal regimes, as well as meltwater
and sediment production [e.g., Grifﬁth and Anderson, 1989].
[7] Climatic conditions along the WAP range from subpolar to polar, but all of our study sites fall within the subpolar
regime. Mean temperatures vary from ~0°C in the austral
summer to 8 to 11°C in the winter [King et al., 2003],
and seasonal sea ice forms within the fjords and on the shelf,
although the fjords remain free of sea ice for most of the
austral summer [Domack and Ishman, 1993]. A 50-year
temperature record from Faraday Station (65.2°S, 64.3°W),
near Beascochea Bay (BSB, Figure 1b), indicates a general
warming rate of 5.7 ± 2.0°C per century, the most rapid in
Antarctica [Vaughan et al., 2003], as well as a statistically
signiﬁcant increase in the number of precipitation days over
the same time period [Turner et al., 2005]. Approximately
70% of the Antarctic Peninsula surface area north of 70°S
experiences occasional to frequent surface melting [Rau
and Braun, 2002], and the fraction of annual accumulation
experiencing melting has increased tenfold in the past ~600
years [Abram et al., 2013]. Such melting generally favors
sediment production by glacial erosion, as well as sediment
transport and release to fjords where the glaciers terminate.
The spine of the Antarctic Peninsula, with mountains that rise
up to 3500 m above sea level, is heavily glaciated, and many
of the glaciers terminate as massive tidewater glaciers.
[8] Farther north, the South Shetland Islands experience a
transitional climate between subpolar and temperate, with
winter temperatures between 3 and 5°C and summer temperatures above freezing [Reynolds, 1981; King et al., 2003].
Over the past four decades, this area has warmed 3.7 ± 2.1°C
per century, the second fastest warming documented for
Antarctica [Vaughan et al., 2003]. Approximately 170 mm
of the total annual precipitation (~1200 mm) falls as rain
during the summer months and produces more meltwater
than along the WAP [Yoon et al., 1998; Turner et al.,
2002]. Currently, the South Shetland Islands are covered in
ice ﬁelds with a mean thickness of ~250 m that terminate
both on land and in the sea [Rückamp and Blindow, 2011].
[9] Along the coastline of southern Chile, strong westerly
winds generate a large precipitation gradient. Precipitation
peaks at ~7000 mm yr 1 in the core of the westerlies, near
50°S, and decreases northward to ~2500 mm yr 1 at 40°S,
and southward to ~500 mm yr 1 at 55°S [Hulton et al., 2002].
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Figure 1. (a) Locations of the study areas outlined in black boxes. Expansion of the study sites in (b) the western Antarctic Peninsula, (c) Southern Patagonia ice ﬁeld (SPI), and (d) Tierra del Fuego. Red circles represent
core locations along the western Antarctic Peninsula in Figure 1b (NSIDC image), in Europa Fjord adjacent to
the Southern Patagonia Iceﬁeld (SPI) in Figure 1c, and in Marinelli Fjord, Tierra del Fuego, in Figure 1d (USGS
landsat images). All site names are abbreviated as in Table 1.
The northernmost study area reported herein, which is on the
west side of the Southern Patagonia ice ﬁeld, Europa Fjord
(50°S), experiences ~4000 mm yr 1 of precipitation and a mean
annual temperature of 7°C [Hulton et al., 2002]. The second site
in South America, Marinelli Fjord in Tierra del Fuego (54°S),
typically receives between 500 and 1000 mm yr 1 of precipitation and annual temperatures average 5°C [Hulton et al., 2002;
Boyd et al., 2008]. All of the glaciers entering the fjords of western Chile are temperate [Anderson and Domack, 1991].

3.

210

Pb Geochronology

210

[10]
Pb geochronology has been used to calculate recent sediment accumulation rates in a wide range of marine

sedimentary environments [e.g., Nittrouer et al., 1979; Harden
et al., 1992; Dukat and Kuehl, 1995; Domack and McClennen,
1996; Jaeger et al., 1998; Sommerﬁeld and Nittrouer, 1999;
Degeest et al., 2008]. Despite the considerable extent of coastlines in high latitudes and the ampliﬁed impacts of recent climate change in this region [Holland and Bitz, 2003; Vaughan
et al., 2003], few measurements of modern sediment accumulation exist along glaciated margins relative to their ﬂuvial
counterparts. 210Pb forms naturally as one of the last daughter
isotopes in the 238U decay series and enters the marine environment in surface runoff and atmospheric precipitation; the in situ
decay of its parent, 226Ra, directly supplies 210Pb to seawater.
210
Pb rapidly and irreversibly adsorbs to ﬁne-grained particles
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in suspension and is typically scavenged from the water column
within a year in coastal waters [Nittrouer et al., 1979, and
references therein]. Once deposited on the seabed, the adsorbed
210
Pb decays to its daughter 210Bi with a half-life of 22.3 years
until it reaches the activity supported by in situ decay of 226Ra.
The decay of excess 210Pb, the activity of 210Pb in excess of the
supported level, can be used to study sediment accumulation
over approximately a century.
[11] The sediment accumulation rate is calculated from the
slope of the regression line ﬁt to the semilog proﬁle of excess
210
Pb activity versus depth. A typical decay proﬁle contains
three distinct zones with depth in the seabed: a surface layer, a
region of logarithmic decrease, and a zone of supported activity.
The upper portion of the proﬁle often contains a surface layer
(~10 cm thick) of uniform activity due to physical and biological particle mixing, above a zone of log linear decrease
[Nittrouer et al., 1979]. This decrease represents steady state
accumulation, assuming the activity of newly supplied sediment
remains constant (Figure 2a; a comprehensive review of 210Pb
sediment-dating models is presented in Appleby [2002]). If
the accumulation rate changes and stabilizes at a different rate,
the log linear proﬁle shows two linear sections with a break
in slope (Figure 2c) [e.g., Bentley et al., 1996; Sommerﬁeld
and Nittrouer, 1999; Palinkas and Nittrouer, 2006]. Where
the substrate is physically quiescent and subsurface burrowers
are uncommon, 210Pb proﬁles can show steady state accumulation (i.e., log linear decay) extending from the sediment surface
[e.g., DeMaster et al., 1985]. The third distinct zone occurs below the region of linear decrease and is characterized by nearly
uniform 210Pb activity supported by the decay of its effective
parent, 226Ra, in the seabed.
[12] If accumulation rates have varied in time, the vertical
proﬁle of excess 210Pb can still reveal temporal information
about sediments reaching the seabed. If either the 210Pb activity of the newly supplied sediment or the accumulation rate
change on short time scales (<10 years), the proﬁle will show
ﬂuctuating activity with no clear vertical pattern (Figure 2d)
[e.g., Dukat and Kuehl, 1995; Jaeger and Nittrouer, 1999].
Episodic sediment delivery events, such as submarine gravity
ﬂows, create distinct zones in 210Pb proﬁles that typically
consist of low excess activity due to the high concentration
of particles that settle on the seabed and compete for limited
210
Pb [e.g., Mullenbach and Nittrouer, 2000]. Low-activity regions can also reﬂect deposition of coarse-grained particles, as
their surface area is relatively small and adsorbs less 210Pb
(Figure 2b) [e.g., Nittrouer et al., 1979; Kuehl et al., 1989].
The speciﬁc 210Pb activity of particles depends on many
oceanographic factors, including (1) circulation patterns in
the fjords and shelf, (2) the depth of water through which the
particle settles, and (3) 210Pb concentration of fjord waters.

4.

Methods

[13] Two cruises in 2005 and 2007 aboard the RV/IB
Nathaniel B. Palmer provided the sediment core and bathymetric data presented here. The ﬁrst cruise, NBP0505, collected the
ﬁve kasten cores used in this study from two fjords in southern
Chile spanning 50°S to 54°S (Figures 1c and 1d). An additional
16 kasten cores were collected from 10 bays and fjords in
the South Shetland Islands and along the WAP during the
2007 cruise, NBP0703 (Figure 1b). Prior work had shown that
the distribution of sediments is highly variable in Antarctic

Peninsula fjords and bays [Grifﬁth and Anderson, 1989]; thus,
our initial survey collected multibeam maps and 3.5 kHz
Compressed High Intensity Radar Pulse (CHIRP) seismic
surveys to identify locations where sediments are ponded in
glacier proximal settings. Sediment coring was guided by
results from these surveys. In several of the fjords, ice distal
cores were also collected to examine variations in sedimentation along a fjord axis.
[14] Onboard the RV/IB Palmer, the 3 m long kasten cores
were photographed, described, and subsampled for further
analysis. The top 25–50 cm was sampled in 1 cm increments
for 210Pb dating; the underlying sediments were sampled
every 2 cm to an approximate depth of 1 m, followed by
sampling every 5 cm to a depth of 2 m. If the core was longer
than 2 m, samples were obtained every 10 cm in the
lowermost section. The samples were placed in sterile bags
and refrigerated until they were analyzed in the laboratory.
Archive sections of each core were sent to the Antarctic
Marine Geology Research Facility at Florida State University,
where X-radiographs of the half-round subcores were obtained
(note that images are shown as X-radiograph positives, where
lighter colors indicate relatively ﬁne grained sediment).
[15] Sediment accumulation rates were calculated by generating proﬁles of excess 210Pb using a procedure similar to
Nittrouer et al. [1979]. Sediment samples were homogenized,
dried at 70°C, and crushed. The dry bulk density (indicated as
“bulk density” hereafter) for each sample was calculated by
comparing the wet and dry sediment weights, assuming a particle density of quartz (2.65 g cm 3). A known activity of 209Po
was added to approximately 5 g of each sample. The sediment
was then digested with solutions of both 15.8 N HNO3 and 6 N
HCl, and the Po isotopes were plated onto a silver planchet for
~20 h. Alpha spectroscopy was used to measure the activity of
209
Po and 210Po, and the total 210Pb activity in each sample was
calculated based on measured values of 210Po, the granddaughter isotope. Excess 210Pb values were calculated by subtracting
the supported activity at depth in the core from the total
activity measured. A mean supported activity level of
0.9 ± 0.2 dpm g 1 was determined from the region of low,
uniform activity below the zone of logarithmic decay.
This value was observed in proﬁles from both the Chilean
and WAP study sites that had steady state accumulation
and was used to calculate excess activities for all cores.
[16] Sediment accumulation rates (mm yr 1) were determined
using least squares linear regression of the semilog proﬁle. Mass
accumulation rates (g cm 2 yr 1) were calculated using the
mean bulk density from each core. For proﬁles with a distinct,
visual change in slope within the log linear region, linear
regression was applied to each line segment, providing two
accumulation rates. Proﬁles with r2 values <0.75 were considered nonsteady state and classiﬁed as either vertically uniform
or varying, depending on the pattern of 210Pb activity with depth
(see Table 1). For cores whose 210Pb proﬁles suggested
nonsteady accumulation with depth, detailed grain-size distributions were generated on speciﬁc intervals using a Malvern laser
particle diffractor [McCave et al., 1986].

5.

Results

[17] For each core site, the sediment accumulation rate and
other pertinent information are compiled in Table 1.
Additional context for each core site follows.
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Figure 2. Four types of 210Pb proﬁles were observed in this study: (a) steady state accumulation, (b) an
event layer indicated by a region of lower 210Pb activities in an otherwise steady state proﬁle, (c) a change
in the rate of steady state accumulation, and (d) complex accumulation or grain-size characteristics with
slight variability in activity with depth in the core. (e and f) Representative core photographs and associated
proﬁles of bulk density (white circles): one reﬂecting steady state accumulation (KC44) and a second
steady state core with an event layer (KC29). (g) Intervals with elevated bulk densities in KC29 are those
with relatively coarse grained sediments and bimodal grain-size distributions.
5.1. Western Antarctic Peninsula
[18] The four southernmost samples in this study were
collected from the Graham Coast: three cores from
Beascochea Bay (BSB), KC44, 45, and 48, and core KC41,
from Collins Bay (CB) (Figures 1b, 3a, and 3b). Cores
KC44 and KC45, collected in a deep trough just seaward of
Cadman Glacier (Figure 3a), contain relatively uniform

proﬁles of bulk density and steady 210Pb accumulation at
rates of 7.0 and 2.2 mm yr 1, respectively (r2 = 0.83, 0.96;
Figures 3c and 3d). KC48, in front of the Lever Glacier
(Figure 3a), shows a steady state accumulation proﬁle of
6.4 mm yr 1, overlain by ~40 cm of sediment with lower
bulk density and relatively uniform, excess 210Pb activity that
decreases slightly in the uppermost 5 cm (Figure 3e). The entire length of KC41 contains generally uniform bulk density
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Table 1. Core Information Summary
Locationa

Latitude (°S)

Longitude (°W)

KC28P
KC35P
KC50P
KC79P
KC80P

Europa Fjord (EF)
Europa Fjord
Marinelli Fjord (MF)
Marinelli Fjord
Marinelli Fjord

50.278
50.282
54.390
54.350
54.361

73.949
73.923
69.591
69.585
69.577

KC14
KC21
KC22
KC23

Maxwell Bay (MB)
Maxwell Bay
Maxwell Bay
Maxwell Bay

62.196
62.205
62.214
62.253

KC10
KC65
KC63
KC33
KC28
KC60
KC57
KC29
KC41
KC48
KC45
KC44

Hope Bay (HB)
Cierva Cove (CC)
Brailmont Cove (BC)
Lapeyrere Bay (LB)
Lapeyrere Bay
Charlotte Bay (CB)
Andvord Bay (AB)
Flandres Bay (FB)
Collins Bay (CLB)
Beascochea Bay (BSB)
Beascochea Bay
Beascochea Bay

63.386
64.157
64.290
64.373
64.402
64.632
64.872
65.066
65.346
65.510
65.589
65.607

Core

Core Length (m)

Southern Chile
2.0
2.0
1.2
1.1
2.0
South Shetland Islands
58.833
1.6
58.739
0.45
58.777
2.17
58.710
0.39
Antarctic Peninsula
57.010
0.34
60.863
0.48
60.982
1.2
63.289
2.9
63.252
2.9
61.519
0.36
62.425
1.3
63.103
1.9
63.056
2.7
63.708
1.0
63.830
1.0
63.817
1.8

Accumulation Rate
1
(mm yr )

Accumulation Styleb

Distance From
Ice Front (km)

N/Dc
11.4
23.6
N/D
N/D

varying
SS
SS
varying
varying

7.1
5.2
12.3
17.1
16.6

5.5, 2.0d
6.6, 2.8
5.2, 1.3
1.6, 1.4

change in SS
change in SS
change in SS
SS, event

3.4
0.2
1.9
4.8

3.0
N/D
N/D
2.2
3.2
2.8
5.6
2.8, 3.0
N/D
6.4
2.2
7.0

SS
vertically uniform
vertically uniform
SS
SS
SS
SS, event
SS, event
vertically uniform
SS, event
SS
SS

3.5
1.0
0.1
1.2
6.8
3.2
0.8
5.7
1.2
0.9
2.0
0.7

a

The location acronym in parentheses refers to core sites shown in Figure 1.
210
Accumulation styles include steady state (SS; Figure 2a), varying Pb activity with depth, SS with an event layer (Figure 2b), change in SS rate
210
(Figure 2c), and relatively uniform Pb activity with depth (all excess or all supported; Figure 2d).
c
Accumulation rates for nonsteady core types cannot be determined (N/D).
d
The ﬁrst rate refers to the more recent sediments.
b

and varying excess 210Pb activity of 0.6–1.4 dpm g 1, nearly
all of which falls within the 0.9 ± 0.2 dpm g 1 range of
supported activity for this region (Figure 3f). X-radiographs
of regions showing steady accumulation are characterized
by relatively homogenous sediment with some dropstones
and few, faint laminations (Figures 3g–3j). In the upper
section of KC48 with high, uniform 210Pb activities, the
X-radiograph reveals millimeter-scale laminations (Figure 3i),
while X-rays of KC41 show relatively homogeneous
sediment with few visible laminations (Figure 3k). Of the cores
collected along the WAP, KC44 and KC48 were collected near
the ice front for two of the largest WAP glaciers; they record
the fastest sediment accumulation for this region (Table 1).
[19] Slightly farther to the north, in Flandres Bay (FB;
Figures 1b and 4a), core KC29 shows steady state accumulation separated by a 10 cm thick section characterized by much
lower 210Pb activity (Figure 4d). Below this low-activity layer,
sediment accumulated at 3.0 mm yr 1, and above the layer,
modern sediment has accumulated at 2.8 mm yr 1 (r2 = 0.90,
0.99; Figure 4d). The X-radiograph image and grain-size
analyses of the particles in the low-activity region indicate this
section is coarser (darker color in X-ray, mean size of 1.0 mm
versus 0.01 mm) and is denser than the rest of the deposit.
Likely, the coarse grain size (reduced surface area) accounts
for both the decrease in 210Pb activity and increases in density
(Figures 2f, 2g, and 3d). Along the Danco Coast, core KC57
from Andvord Bay (AB; Figure 4b) contains a region of
uniform bulk density and steady state 210Pb accumulation at
5.6 mm yr 1 (r2 = 0.97) overlain by a 60 cm thick deposit
containing varying bulk density and 210Pb activity (Figure 4e).
210
Pb from core KC60 in Charlotte Bay (CB; Figure 4c) shows
bulk density increasing slightly with depth and steady sediment

accumulation at a rate of 2.8 mm yr 1 (r2 = 0.93) (Figures 1b
and 4f). X-radiographs of steady state 210Pb regions reveal
ﬁne-grained deposits with scattered small dropstones and faint
laminations (Figures 4g, 4i, and 4j), whereas images from
nonsteady regions show coarser-grained (darker) intervals and
more distinct layering (Figures 4g and 4h).
[20] On Anvers Island, nearly 3 m long cores were
collected in each of the two arms of Lapeyrere Bay (LB;
Figures 1b and 5a). KC33 and KC28 both show uniform bulk
density with depth and steady state 210Pb accumulation; rates
are 2.2 mm yr 1 (r2 = 0.96) and 3.2 mm yr 1 (r2 = 0.98),
respectively (Figures 5b and 5c). X-radiographs from both
cores show ﬁne-grained sediment with small dropstones
throughout (Figures 5d and 5e). Sediment accumulates faster
at the more ice distal site, and seismic proﬁles from the main
fjord basin (where KC28 was collected) show the thickest
sediments, reﬂecting greater input from Illiad Glacier, the
largest glacier entering the basin [Grifﬁth and Anderson,
1989, Figure 12].
[21] Proceeding north, one core was collected each in
Cierva and Brailmont Coves off Hughes Bay (BC and CC;
Figures 1b and 6a). Excess 210Pb activity in core KC63 from
Brailmont Cove is relatively uniform and low within 90 cm
of the seabed (Figure 6c). KC65 from Cierva Cove contains
uniform excess 210Pb activity that extends from the surface
to a depth of 36 cm (Figure 6b). In both cores, bulk density
ﬂuctuates with depth. The X-radiograph from KC65 shows
very few laminations and some dropstones, while the image
from KC63 shows millimeter to centimeter scale laminations
throughout the core (Figures 6d–6f). The northernmost core
on the WAP, KC10, from the center of Hope Bay (HB;
Figures 1b and 7a), contains sediment with bulk densities that
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Figure 3. (a, b) Bathymetry for Beascochea and Collins Bays, with locations of the four ice proximal cores.
LG and CG show locations of Lever Glacier and Cadman Glacier, respectively. Land and glacier-covered areas
are shown in light gray; marine regions beyond the multibeam bathymetric data are colored white. (c, d) Cores
KC45 and KC44 show steady state 210Pb accumulation (black symbols; lower abscissa), with relatively uniform
bulk density proﬁles (red dots, upper abscissa). (e) KC48 records steady state accumulation in front of Lever
Glacier below a region of relatively uniform, high excess activities and lower bulk densities. (f) KC41 from
Collins Bay shows uniform, low excess 210Pb activities, corresponding to relatively uniform bulk densities.
(g–k) Representative positive X-radiographs below each core image the gray-shaded areas in the proﬁles
(note artifacts of X-radiograph processing: black triangles along the right edge and corresponding dark horizontal lines).
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Figure 4. (a–c) Land and glacier area (light gray), and multibeam bathymetry for Flandres, Andvord, and
Charlotte Bays, with core locations indicated. Symbols are the same as for Figure 3. (d) A section of relatively low excess activity and higher bulk density interrupts otherwise steady accumulation in KC29,
(e) steady state sediment accumulation with uniform bulk density in KC57 was followed by accumulation
with varying 210Pb activity and density, and (f) relatively uniform bulk densities and steady state accumulation of 2.8 mm yr 1 characterize KC60. (g–j) X-radiograph positives are shown for core sections shaded
in gray and reveal stratiﬁcation and numerous dropstones.
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Figure 5. (a) Core locations from Lapeyrere Bay shown with multibeam bathymetry. IG indicates the
location of Illiad Glacier. (b, c) Proﬁles of excess 210Pb and bulk density indicate steady state accumulation
in KC33 and KC28. (d, e) X-radiograph positives highlight shaded intervals in KC33 and KC28. Dark triangles
and horizontal lines are artifacts of X-radiograph processing. Colors and symbols are explained in Figure 3.
slightly increase with depth and steady 210Pb accumulation at
3.0 mm yr 1 (r2 = 0.95; Figure 7b). X-radiographs reveal
homogenous sediment with no evidence for layering
(Figures 7c and 7d).

5.2. South Shetland Islands
[22] Four sediment cores were collected in three coves that
fringe Maxwell Bay (MB) on King George Island
(Figures 1b and 8a). 210Pb proﬁles for three of these cores

b)

a)

c)

d)

e)
f)

Figure 6. (a) Core locations in ice proximal depocenters and multibeam bathymetry for Hughes Bay.
Both the excess 210Pb proﬁles for (b) KC65 from Cierva Cove and (c) KC63 from Brailmont Cove show
relatively uniform high and low excess activities, respectively, extending the length of the cores. Bulk
density proﬁles indicate ﬂuctuations downcore, consistent with those in 210Pb activity. (d–f) X-radiograph
positives corresponding to gray-shaded areas show scattered dropstones and laminations. Colors and
symbols are explained in Figure 3.
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Figure 7. (a) Multibeam bathymetry and core location for Hope Bay. (b) The excess 210Pb proﬁle for
core KC10 indicates steady state accumulation; bulk densities ﬂuctuate from ~1 to 1.7 g cm 3. (c, d)
The X-radiograph images highlight the gray-shaded regions in Figure 7b. Dark triangles and horizontal
lines are artifacts of X-radiograph processing. Colors and symbols are explained in Figure 3.
show a distinct change in the rate of accumulation, in all
cases increasing by a factor of 2 to 4 in the last few decades
(Figures 8b–8d). The accumulation rate determined for
KC14 in the inner bay increased from 2.0 to 5.5 mm yr 1
around 1980 (respective r2 = 0.98; Figure 8b). In core
KC21, from Marion Cove, the rate increased from 2.8 to
6.6 mm yr 1 around 1984 (r2 = 0.99, 0.91; Figure 8c).
Similarly for KC22, also collected in Marion Cove slightly
farther from the current glacier terminus, the rate increased
from 1.3 to 5.2 mm yr 1 around 1978 (r2 = 1.0, 0.97;
Figure 8d). X-radiographs from the region of change in each
of the 210Pb proﬁles do not indicate a similar change in the
sediment composition or structure; all cores contain icerafted debris and no apparent layering (Figures 8f–8h).
KC23, near the mouth of Potter Cove, was the most seaward
and ice distal core collected in Maxwell Bay. Unlike the other
cores, KC23 contains an ~8 cm thick interval characterized
by relatively uniform excess 210Pb activity that punctuates
the otherwise steady accumulation of ~1.5 mm yr 1
(r2 = 0.94, 0.91; Figure 8e); however, a distinct change in
the sediment composition or structure is not visible in the
X-radiograph (Figure 8i). Bulk densities are relatively uniform in all cores, except in KC21, where they increase with
depth. A statistical comparison shows no correlation between
bulk density and 210Pb activity.
5.3. Chilean Fjords
[23] In Tierra del Fuego, three cores were collected in the
outer basin of Marinelli Fjord (MF; Figure 1d). Closest to
the glacier, at KC50P, sediment has accumulated steadily at
23.6 mm yr 1 (r2 = 0.87; Figure 9a), while 210Pb proﬁles
from cores KC79P and KC80P, both in the distal, outer
region of the fjord, indicate variable low 210Pb activities
(Figures 9b and 9c). Our two northernmost cores were
collected from the long, narrow Europa Fjord (EF;
Figure 1c), on the southwest side of the Southern Patagonia
ice ﬁeld. The 210Pb proﬁle from KC28P, 7.1 km from the
ice front, indicates varying and very low 210Pb activities
(Figure 9d), whereas KC35P, 5.2 km from the ice front,
records steady state accumulation at 11.4 mm yr 1

(r2 = 0.83; Figure 9e). In all ﬁve cores, bulk density is
uniform with depth around 1 g cm 3, with the exception of
the basal portion of KC80P, where the density is greater.
Only the X-radiograph from KC79P indicates distinct
centimeter-scale layering; X-radiographs of the other cores
show homogenous sediment (Figures 9f–9j).

6.

Discussion

6.1. Interpretation of 210Pb Proﬁles
6.1.1. Steady Accumulation Rates
[24] In 15 of the 21 cores presented here, proﬁles of excess
210
Pb indicate that sediments have been accumulating at a
relatively constant rate over approximately the last century,
suggesting that the frequency, magnitude, and source of
sediment delivery events have not changed appreciably in
time (Figures 3c, 3d, 4f, 5b, 5c, 7b, 8b–8d, 9a, and 9e).
X-radiographs of these cores all show deposits with little
visible layering and a uniform scattering of ice-rafted debris,
consistent with steady sediment accumulation at rates of a few
mm yr 1 (Figures 3g–3j, 4j, 5d, 5e, 7c, 7d, and 8f–8h).
Previous studies have observed similar steady state 210Pb proﬁles in WAP fjords and in basins relatively distant from glaciers
[e.g., Harden et al., 1992; Domack and McClennen, 1996].
Such steady state sediment accumulation at the stationary core
sites throughout the last century is surprising in view of the
extreme environmental changes that have occurred during this
period. The increase in mean annual temperatures along the
WAP measured over the last 50+ years exceeds the global
average sixfold [Vaughan et al., 2003]. This exceptional
warming, together with the coincident increase in melt percentage to a level unprecedented during the last millennium [Abram
et al., 2013], would likely accelerate glacial sliding, erosion, and
sediment transport to fjords. But this expected increase in
sediment accumulation at any site would tend to be offset by
the substantial recent glacial retreat in this region: Over 87%
of the glaciers in the Peninsula have retreated (mean ~580 m,
max ~5 km) in the past 50+ years [Cook et al., 2005;
Pritchard and Vaughan, 2007]. Because rates of accumulation
generally decrease exponentially down fjord [e.g., Cowan
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Figure 8. (a) Multibeam bathymetry and core locations near Maxwell Bay, South Shetland Islands.
(b–d) 210Pb proﬁles for the three ice proximal cores; distinct break in slopes reﬂects abrupt increase
in accumulation rate. (e) KC23, the most ice distal, contains an event layer between the regions of steady
state accumulation. Bulk densities are relatively uniform in all cores except KC21, where they increase with
depth. (f–i) X-radiograph images correspond to the areas shaded in Figures 8b–8e, with numerous
dropstones visible in Figures 8g and 8h. Dark horizontal lines extending from black triangles along the right
edge of each image are artifacts of X-radiograph processing. White circles in Figure 8g are empty spaces
where samples were collected. Colors and symbols are explained in Figure 3.
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a)

c)

b)

f)

d)

g)

h)

e)

i)

j)

Figure 9. Five cores collected from southern Chile. Marinelli core (a) KC50P records the fastest steady
accumulation in this study, 23.6 mm yr 1. (b) KC79P and (c) KC80P from the outer Marinelli Fjord contain
210
Pb proﬁles with varying activity. (d) KC28P and (e) KC35P from Europa Fjord show varying, low
activity and steady state accumulation, respectively. The bulk density is relatively uniform and close to
1 g cm 3 for all cores except for the base of KC80P. (f–j) X-radiograph positives show the regions shaded
in gray. Symbols are explained in Figure 3.
et al., 1997; Jaeger and Nittrouer, 1999], and glacial retreat
increases the distance between the ice front and any proglacial
core site, accumulation rates would tend to decrease with time
at any core site, thereby tending to offset the increase in sediment yields expected due to the warming climate.
6.1.2. Changes in Accumulation Rate
[25] In contrast with the steady state proﬁles of excess 210Pb
collected from the WAP, proﬁles in the South Shetland Islands
appear consistent with ongoing climatic changes in this region,
which experiences a relatively warm and wet climate. Three of
the four 210Pb proﬁles show a break in slope (Figures 2b and
8b–8d), reﬂecting a recent two-to-fourfold acceleration of
accumulation for the three ice proximal cores, which agrees
well with independent analyses of other Maxwell Bay cores
[Yoon et al., 2000, 2010; Monien et al., 2011; Majewski
et al., 2012]. Although the X-radiographs show no visible
change in the sedimentary character, the timing of the accumulation rate increase was ~25 years ago and coincides with
the period during which glaciers north of 64°S retreated the
fastest [Cook et al., 2005]. The increase in accumulation
rate preserved in the sedimentary record may reﬂect a sensitive transition in the glaciers of the South Shetland Islands
from subpolar to temperate. The increase in nearby surface
temperatures and in the frequency of precipitation events, measured since ~1969 and ~1956, respectively [Turner et al., 1997;
Vaughan et al., 2003], could increase sediment accumulation
rates by generating more vigorous periglacial weathering and
mass wasting, as well as increased volumes of meltwater, which

transport sediment to Maxwell Bay [DaSilva et al., 1997; Yoon
et al., 1998]. The trends observed in the 210Pb proﬁles from
Maxwell Bay suggest that if the region continues to warm,
increased meltwater production and faster sediment accumulation could extend to the WAP.
6.1.3. Complex 210Pb Proﬁles
[26] In addition to steady accumulation described above,
some of the 210Pb proﬁles exhibit a variety of sediment
accumulation patterns and reﬂect diverse glacimarine
sedimentary processes. Vertically uniform proﬁles with
signiﬁcant excess 210Pb typically indicate rapid, possibly
instantaneous, sediment deposition. The high activities (such
as KC65; Figure 6b) suggest (1) a relatively vigorous circulation of seawater renews the inventory of 210Pb in the local
water column and/or (2) the sediments entered the fjord
entrained in a buoyant surface plume from which they settled
through deep water columns, scavenging 210Pb. Vertically
uniform proﬁles with low activities (KC41 and KC63;
Figures 3f and 6c), however, could represent supported 210Pb
values (~0.9 dpm g 1), and thus sediment sufﬁciently old
(>100 years) for all excess 210Pb to have decayed to negligible
levels. Alternatively, these 210Pb proﬁles could indicate the deposition of particles with negligible excess 210Pb activity, which
would occur if particles were delivered by gravity ﬂows with
mixtures of glacial meltwater and limited seawater [e.g.,
Dukat and Kuehl, 1995; Mullenbach and Nittrouer, 2000].
[27] Four of the proﬁles characterized by steady state
accumulation are interrupted by ~10 to 60 cm thick zones of
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Figure 10. Compilation of published 210Pb-derived accumulation rates for glacially inﬂuenced fjords. Temperate
fjords in Alaska (red diamonds [Cowan et al., 1997]) and
Chile (red squares, this study); subpolar fjords in east
Greenland (green circles [Smith et al., 2002], green squares
[Andresen et al., 2011]) and Svalbard (green diamonds
[Szczucinski et al., 2009]); and cold subpolar to polar fjords
in the Western Antarctic Peninsula (purple stars, this study;
purple circles [Domack and McClennen, 1996]; purple
squares [Harden et al., 1992]) and the Eastern Antarctic
Peninsula (purple diamonds [Gilbert and Domack, 2003]).
Lines connect measurements within individual fjords.
relatively uniform excess 210Pb activity; they represent one or
many discrete, rapid depositional events (Figures 3e, 4d, 4e,
and 8e), which can result from diverse sedimentary processes.
Rapid settling from a sediment-laden meltwater plume would
create a deposit of uniform, high excess activity (potential examples: KC48 and KC23; Figures 3e and 8e), while the release
of a large volume of coarse ice-rafted debris or a gravity ﬂow
would form sediment intervals of low activity (e.g., KC29;
Figure 4d). X-radiographs from these deposits help determine
the formative sedimentary processes; for example, the low activity layer in KC29 corresponds to a region of concentrated
coarse-grained material (Figures 2f, 2g, and 4g). Conﬁdently
distinguishing between these possibilities, however, would
require additional data, such as shorter-lived radioisotopes to
measure processes occurring on event time scales (e.g., weeks
to months) [e.g., Jaeger and Nittrouer, 1999], and detailed evaluation of the individual cores is beyond the scope of this paper.
6.1.4. Biological Factors
[28] As mentioned earlier, biological factors can alter the
distribution of 210Pb within the cores and impact the interpretation of sedimentary processes and accumulation rates from
proﬁles of excess 210Pb. Burrowing benthic organisms can
mix the upper sediment, potentially creating a zone of uniform activity like we see in a few of the cores, which otherwise
show steady state accumulation (Figure 5b). Regional measurements of bioturbation intensity along the WAP indicate that
burrowing is conﬁned to the upper 8 cm and that local benthic
organisms primarily utilize surface organic material year round
[McClintic et al., 2008]. The steady accumulation proﬁles
presented here all show log linear decay down to at least 30
cm depth in core (e.g., Figures 3d and 5c), which would be very

deep for biological community mixing and implies little or no
vertical mixing [cf. Nittrouer et al., 1984; Harden et al.,
1992]. Moreover, X-radiographs do not show evidence of
tubes or burrows.
[29] In addition to biological mixing, the fraction of biologically produced sediment accumulating on the seabed is
also of considerable interest, especially when using total sediment masses to develop terrigenous sediment budgets and
infer glacial erosion rates [Koppes and Hallet, 2002, 2006,
2010; Cowan et al., 2010; Koppes, 2012]. The coastal and
shelf waters of the WAP support a productive biological
ecosystem, in which sea ice cover primarily controls productivity during the austral summer [e.g., Ducklow et al., 2007].
The relative contribution of biogenic particles within the
seabed generally increases with primary productivity and
decreases as the accumulation rate of terrigenous sediment
increases. Thus, the biogenic component generally increases
southward, and with increasing distance from the ice front,
due to the general decrease in rates of terrigenous sediment
accumulation [e.g., Dunbar et al., 1985; Grifﬁth and
Anderson, 1989; Domack and Ishman, 1993]. In the
productive waters of the Ross Sea, biogenic silica accounts
for 1–7% by weight of total sediment accumulation in most
areas, with a maximum contribution of ~40% in the
southwestern Ross Sea [Ledford-Hoffman et al., 1986].
Along the WAP, biogenic silica accounts for <5% of total
sediment particles in a polar fjord south of our study sites
[Gilbert et al., 2003], ~12–14% in the outer portion of
Andvord Bay [Domack and Ishman, 1993] and ~6% since
the Little Ice Age in Maxwell Bay [Milliken et al., 2009].
Offshore of Maxwell Bay, measurements from the
Bransﬁeld Strait indicate biogenic contribution of ~12% in
deep basins [DeMaster et al., 1991]. Thus, in our glacier
proximal study sites, biogenic silica is likely to be a minor
(i.e., <10%) component of the sediments.
6.2. N-S Transect Trends
[30] Along our 15° S-N transect, modern rates of sediment
accumulation in temperate fjords of southern Chile substantially exceed those in the subpolar fjords of the South
Shetland Islands and WAP (Table 1 and Figure 10). In
Chilean fjords, rates range from 11.4 to 23.6 mm yr 1
(n = 2, mean = 17.5 mm yr 1), whereas along the WAP and
South Shetland Islands, they range from 1.3 to 7.0 mm yr 1
(n = 14, mean = 4.2 mm yr 1). Moreover, the WAP and
South Shetland Islands accumulation rates are 2 to 3 orders
of magnitude smaller than ice proximal rates derived from
seismic data in southern Chile, including Laguna San
Rafael and Marinelli Fjord [Koppes, 2007; Koppes et al.,
2009]. We suspect that this contrast is related to the abundance
of meltwater in the Chilean glacier systems. The higher annual
temperatures and precipitation in southern Chile favor
meltwater production, which is likely to increase the basal water
pressure leading to faster sliding [Iken and Bindschadler, 1986;
Anderson et al., 2004; Bartholomew et al., 2010]. Additionally,
high basal water pressures promote subglacial erosion by
quarrying, especially where they ﬂuctuate frequently [Hallet,
1996; Iverson, 2012]. Indeed, increases in sliding velocities
(inferred from measured increases in the surface speed) have
been correlated with increases in the production and transport
of glacial sediment [e.g., Humphrey and Raymond, 1994;
Anderson et al., 2004; Riihimaki et al., 2005].
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[31] For the relatively cool and dry climatic regime in the
southern part of this study, sediment accumulation rates in
the South Shetland Islands and along the WAP do not
decrease with increasing latitude as we had expected based
upon previous studies [Harden et al., 1992; Domack and
McClennen, 1996]. The transitional climate of the South
Shetland Islands, plus the well-documented occurrence of
seasonal debris-laden meltwater emanating from the King
George Island ice cap [Grifﬁth and Anderson, 1989;
Domack and Ishman, 1993; Yoon et al., 1998], suggest that
sediment accumulation rates should be intermediate between
polar and temperate. The modern accumulation rates
measured in Maxwell Bay, however, are just above the
4 mm yr 1 mean accumulation rate from the WAP and agree
well with previous measurements [e.g., Yoon et al., 2000,
2010; Majewski et al., 2012]. These modest rates likely reﬂect the limited size and vigor of the glaciers and ice caps that
cover the South Shetland Islands, compared to the ice masses
along the WAP [Koppes and Hallet, 2010; Koppes, 2012].
[32] Within the WAP fjords, the accumulation rates of
3–7 mm yr 1 measured in this study are within the range of
values reported previously [Harden et al., 1992; Domack
and McClennen, 1996]. We stress that none of our sites
represent a true polar setting, where basal meltwater would
be negligible and glacial erosion rates would nearly vanish
[Cuffey et al., 1999]. The lack of a distinct latitudinal pattern
within these subpolar sites suggests that the expected general
decrease in sediment accumulation rates with temperature is
confounded by site-speciﬁc factors; these likely include
the meltwater production regime, distance to the ice front,
fjord bathymetry, the glaciated basin area, and ice ﬂux
[Domack and McClennen, 1996; Koppes and Hallet,
2010; Koppes, 2012].
6.3. Comparison With 210Pb Measurements From
Other Glacimarine Settings
[33] Many of the excess 210Pb proﬁles from WAP and
Chilean fjords, as well as those previously reported from other
WAP fjords [Harden et al., 1992; Domack and McClennen,
1996], suggest sediment accumulation at a uniform rate over
the past ~100 years. This is remarkable not only because the
WAP has warmed exceptionally quickly and most glaciers
have retreated signiﬁcantly in the last century, but also because
it contrasts with proﬁles of excess 210Pb from ice proximal,
temperate fjord settings. Proﬁles collected from multiple
fjords in Alaska typically exhibit nonsteady state behavior
[Cowan et al., 1997; Jaeger and Nittrouer, 1999], which for
these glacier proximal settings likely indicate the greater contribution of individual sediment delivery events, and temporal
changes in their frequency and magnitude. The low values of
excess activity for these proﬁles suggest that either particles
settle through the water column too quickly to scavenge
210
Pb or sediment is delivered near the bed as submarine gravity
ﬂows [Jaeger and Nittrouer, 1999]. Either scenario is consistent
with the rapid deposition of sediment, which is known to occur
in these Alaskan fjords at seasonal rates up to 9 cm d 1 and annual rates of at least 9 m yr 1 near the terminus [e.g., Molnia,
1983; Cowan and Powell, 1991]. Where 210Pb-derived rates
can be calculated near temperate glaciers, they conﬁrm rapid
accumulation at least 2 orders of magnitude greater than ice
proximal accumulation rates in subpolar fjords (Figure 10). In
such ice proximal, temperate regions typically characterized

by nonsteady and rapid sediment accumulation, shorter-lived
isotopes such as 234Th are generally more useful in quantifying
accumulation rates [e.g., Jaeger and Nittrouer, 1999]; however, 210Pb geochronology provides a considerably useful
means for interpreting sedimentary processes in these environments, as well as for determining accumulation rates in more
ice distal regions in temperate settings, such as the continental
shelf off the southern coast of Alaska [Jaeger et al., 1998], and
in subpolar glacimarine settings [e.g., Smith et al., 2002;
Szczucinski et al., 2009].
[34] Unlike the patterns observed in 210Pb proﬁles from ice
proximal locations in temperate fjords, the steady accumulation proﬁles observed in most of the cores shown here resemble proﬁles collected in other subpolar fjords, as well as in
temperate, ice distal settings. For example, most 210Pb measurements from subpolar fjords in east Greenland and
Svalbard indicate steady sediment accumulation rates of 1
to 10 mm yr 1 (Figure 10) [Smith et al., 2002; Szczucinski
et al., 2009; Andresen et al., 2011], which encompass the
rates observed along the WAP and South Shetland Islands
in this and previous studies [Harden et al., 1992; Domack
and McClennen, 1996]. In addition, the more ice distal
regions of the outer Alaskan fjords and the adjacent continental
shelf experience uniform accumulation at rates of ~1–2 cm yr 1
(Figure 10) [Cowan et al., 1997; Jaeger et al., 1998]. The
similarity between sediment accumulation patterns and rates in
the distal regions of temperate fjords and the proximal areas of
subpolar fjords suggests that both settings receive glacially
derived sediment continuously with infrequent “events” when
averaged over typical sampling intervals of 5 cm, which correspond to periods of 50 to 5 years, respectively, for accumulation
rates of 1 to 10 mm yr 1. On temperate shelves fed with glacial
sediments, accumulation tends to be rather steady because of the
considerable distance to the sediment source, which reduces
accumulation rates, attenuates event signals, and increases the
averaging time for 210Pb; in addition, the more temporally uniform accumulation reﬂects input from multiple glaciers and
mixing due to postdepositional transport on the shelf. In ice
proximal subpolar settings, accumulation also tends to be
steady; this is presumed to be due to the long averaging time
for 210Pb activities that correspond to the slow accumulation,
as well as the rare and spatially limited occurrence of large
depositional events due to the relative dearth of meltwater.
[35] From temperate to polar settings, 210Pb-derived accumulation in ice proximal settings (~5 km from modern ice front)
slows by more than 2 orders of magnitude (Figure 10)
[Harden et al., 1992; Domack and McClennen, 1996; Cowan
et al., 1997; Smith et al., 2002; Szczucinski et al., 2009;
Andresen et al., 2011]. Regardless of the magnitude of ice
proximal accumulation, the general decrease in accumulation
rate with distance from the glacial sediment source within
individual temperate, subpolar, and polar fjords is widely
recognized in 210Pb data [Cowan et al., 1997; Gilbert and
Domack, 2003; Szczucinski et al., 2009; Andresen et al.,
2011] and in data representing both longer and shorter time
scales derived with 14C dating and sediment traps, respectively
[e.g., Cowan and Powell, 1991, Figure 7; Gilbert et al., 1998,
Figure 13; Jaeger and Nittrouer, 1999, Figure 10; Szczucinski
and Zajaczkowski, 2012, Figure 8b]. However, the compiled
data from various fjords, even when within the same climatic
regime, do not reﬂect this well-documented pattern (Figure 10)
[e.g., Harden et al., 1992; Smith et al., 2002], presumably due
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to large interfjord differences in the factors that control sediment
production rates (e.g., catchment size, lithology, joint density,
geometry, ice ﬂux); these are currently under study.
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[36] Herein we presented Pb-derived rates of modern sediment accumulation from 21 cores collected in 12 bays and
fjords spanning from 50°S to 65°S. In 15 of these 21 cores,
proﬁles of excess 210Pb indicate relatively constant rates of
sediment accumulation over approximately the past century,
despite the coincident rapid warming, increase in the frequency
of surface melting events, and considerable glacier retreat in this
region [e.g., Vaughan et al., 2003; Cook et al., 2005; Abram
et al., 2013]. Accumulation rates increase markedly from fjords
along the South Shetland Islands and WAP (~1–7 mm/yr 1) to
Chilean fjords (~10–20 mm/yr 1), and this increase highlights
the role of a warmer and wetter climate in southern Chile for
accelerating glacial motion and the production and transfer
of sediment. In contrast with sediment cores from the WAP
that show steady accumulation, 210Pb records from the South
Shetland Islands show that sediment accumulation accelerated
over the last few decades. Increasing air temperatures and precipitation events likely generated more vigorous periglacial
weathering, mass wasting, and increased volumes of meltwater,
which resulted in the delivery of more sediment-laden meltwater to fjords as the region shifted toward temperate conditions.
With additional warming and meltwater production, we expect
fjord sediment accumulation rates to increase in the subpolar region of the Antarctic Peninsula, which would likely impact the
pelagic and benthic communities [e.g., Dierssen et al., 2002].
[37] The relatively large and temporally variable rates of sediment accumulation in the Chilean records resemble those in
temperate Alaskan fjords; they all, presumably, reﬂect the role
of meltwater in the sporadic delivery of sediment to ice proximal fjord settings. The lower accumulation rates in the majority
of subpolar fjords presented here are similar to rates in ice distal
settings of temperate fjords, because of the limited supply of
terrigenous material in both settings and tendency for “events”
to be smoothed when averaged over a typical 5 cm sampling interval. We infer that the sediments accumulate steadily in both
settings for different reasons. In the ice distal areas of temperate
fjords, accumulation is relatively steady because inputs from
multiple glaciers average out and attenuate the signal from single sedimentation events, and moreover, deposited sediments
are mixed due to transport on the shelf. In contrast, subpolar
fjord accumulation is relatively steady because it is rarely
interrupted by substantial delivery of sediment-laden meltwater
from the subglacial hydraulic system, presumably because melt
generated at the glacier surface seldom reaches deep into subpolar glaciers despite the recent increase in surface melt events.
We conclude that the steady nature of accumulation in subpolar
fjords experiencing rapid warming reﬂects counteracting processes; a temporal increase in meltwater production accelerates
the rate of sediment delivered to down-fjord sites, while terminus retreat increases the distance between the sediment source
and down-fjord coring sites.
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